Cancer risk is determined by a combination of environmental factors and genetic predisposition. Recent evidence suggests that dietary and related factors such as physical activity and body size may influence cancer risk through their effects on the serum concentration of IGF-I and its binding proteins. The growth hormone (GH)/IGF-I axis is involved in both human development as well as the maintenance of normal function and homeostasis in most cells of the body. In addition to their classical role as endocrine hormones, its members regulate a wide range of biological functions such as cell proliferation, differentiation and apoptosis through paracrine and autocrine mechanisms. During cancer development this complex network regulating tissue homeostasis breaks down, with inappropriate expression of the GH/IGF-I axis making an important contribution. The increased understanding of the molecular mechanisms and signalling pathways regulated by the GH/IGF-I axis has started to provide significant insights into the aetiology, prevention and therapy for a number of common cancers.
Introduction
The risk of developing cancer is determined by a combination of genetic factors and environmental effects, in particular diet and lifestyle. There is increasing evidence that the growth hormone (GH)/insulin-like growth factor (IGF)-I axis might provide a major link between these factors and the development of cancers through its influence on the regulation of normal cell proliferation, differentiation and apoptosis. Its inappropriate expression appears to contribute to the growth, maintenance and progression of the most common cancers, including cancers of the breast, lung and colon. It is also becoming clear that there are extensive interactions between the IGF-I, epidermal growth factor (EGF), oestrogen and insulin signal transduction pathways which provide further potential mechanisms through which the GH/IGF-I axis can influence cancer.
Evidence implicating IGF-I in cancer
Evidence linking IGF-I to the development and behaviour of malignant disease comes from a number of sources. Indirect evidence comes from clinical observations more than 50 years ago that women with breast cancer who had undergone hypophysectomy had an improved prognosis, an effect that was still apparent in those rendered oestrogen deficient by prior oophrectomy. More direct evidence is suggested by several prospective health screens indicating that individuals with higher serum IGF-I and lower IGF-binding protein (IGFBP)-3 levels within the normal range have an increased risk of many of the most common cancers, such as colon, breast, lung and prostate (1 -4). However, not all studies show this association, with one study reporting increased levels of IGFBP-3 (and IGFBP-2) in patients with colorectal cancer (5) . Certainly, causality has not yet been established and elevated serum IGF-I levels in cancer patients may simply be a surrogate measure of some other process. For example, it remains to be explained why expression levels of IGFBP-3 and IGF-I, which are normally regulated by GH and strongly and directly correlated, become decoupled so that despite increased GH and IGF-I levels, IGFBP-3 serum levels are negatively correlated with colorectal cancer risk.
A positive influence of IGF-I in cancer development is further supported by the considerable evidence that patients with acromegaly are at an increased risk of cancer, especially colorectal (6) . These reports also indicate that not only do colonic adenomas occur more frequently in these patients but they behave more aggressively with an increased tendency for malignant progression. Importantly, a prospective study involving a second colonoscopic evaluation, at intervals after the original screening examination when all visible polyps had been removed, revealed the occurrence of new adenomas to be significantly related to both serum GH and IGF-I levels (7) . Previous work has also demonstrated the colonic epithelium of acromegalic patients to be characterised by increased proliferation which is proportional to serum IGF-I levels (8) . This hyperproliferative state is in keeping with the known mitogenic and anti-apoptotic effects of IGF-I and suggests that the main tumorigenic effect of this growth factor is as a tumour promotor rather than carcinogenic initiator. The phenotypic characteristics of colorectal neoplasia in patients with acromegaly support this concept, in that the tumours tend to be on the right side of the colon, and are larger and more dysplastic than sporadic disease. The postulated carcinogen in this case is intralumenal bile acids which have undergone bacterial deconjugation in the right colon. These compounds, such as deoxycholic acid (DCA), have been strongly implicated in the development of sporadic colonic cancer and are increased in patients with acromegaly due in part to the prolonged colonic transit occurring in this condition (9) . Thus, the increased IGF-I levels in acromegaly would increase the chances of survival of cells with damaged DNA in response to the elevated DCA levels, rather than the cells undergoing the normal protective apoptotic response.
Endocrine vs local IGF-I
It remains uncertain as to whether this important influence of the GH/IGF-I axis in cancer development and behaviour reflects its endocrine actions or whether paracrine/autocrine expression is also important. This is particularly pertinent in reference to recent work questioning the classical endocrine actions of the GH/IGF-I axis and the increasing appreciation that autocrine and paracrine actions of IGF-I are important for normal growth and development (10) . These local effects have also recently been demonstrated to be important in colorectal tumorigenesis and tumour neovascularisation (11) . Furthermore, the regulation of the GH/IGF-I axis in different tissues remains largely unexplored, both in terms of the regulation of GH and IGF-I expression themselves, but also with respect to the role of the various IGFBPs and proteases, as well as the intracellular signalling pathways involved in transducing its numerous effects. An indication that local IGF-I expression might contribute to circulating IGF-I levels in a pituitary GH-independent manner is indicated by clinical observations that patients who have undergone total hypophysectomy and thus rendered completely GH deficient have serum IGF-I levels that are usually either within the normal range or just below it.
IGF-I and IGF-I receptor (IGF-IR)
The functions of IGF-I as a mitogen and anti-apoptotic survival factor are well documented. The single-copy IGF-I gene consists of six exons and is transcribed from two promoters located 5 0 to exons 1 and 2 respectively. As with the GH receptor, alternative RNA splicing and differential polyadenylation results in considerable heterogeneity in mature IGF-I transcripts. Most studies have reported the presence of IGF-I mRNA in normal and malignant tissue, although a recent report detects its mRNA in only 60% of normal and 54% of colonic tumour biopsies (11) . In addition to GH, genetic predisposition plays an important role in determining circulating IGF-I levels (12) , although the relative importance of genetic and environmental factors in intra-and inter-individual variation in IGF-I signalling remains to be determined. Although low serum IGF-I levels are associated with a polymorphic CA microsatellite within the IGF-I gene, its relevance to cancer risk is uncertain (13) . Polymorphisms have also been reported within the IGFBP-3, insulin receptor substrate-1 (IRS-1) and p85a subunit of phosphatidylinositol-3 kinase (PI-3K) genes and may alter the function of the relevant proteins.
The IGF-IR, together with the insulin receptor (IR) with which it shares 70% homology, comprises the type II receptor tyrosine kinase family and mediates most of the actions of both IGF-I and IGF-II. Expression from the IGF-IR promoter is downregulated by the Wilms' tumour suppressor protein (WT1) (14) and by wild-type p53, in contrast to mutant p53 which stimulates its activity without binding to its promoter (15) . Physical interaction of p53 and WT1 stabilises p53 and inhibits its ability to induce apoptosis. Conversely, the transcriptional activity of WT1 proteins depends on the cellular status of p53 and in the presence of mutant p53 WT1 cannot suppress IGF-IR activity (16) . The importance of the interaction of these two proteins is illustrated by the finding that in breast cancers WT1 and mutant p53 are co-expressed in more aggressive, oestrogen receptor (ER)-negative cancers (17) . A recent report suggests universal upregulation of non-mutated WT1 in colorectal cancers (18) , although a previous report did not show this (19) . Therefore, the upregulation of IGF-IR in colorectal cancers could be a consequence of a possible sequestration of WT1 by mutant p53.
Downstream effects of IGF-IR activation
IGF-IR activation by ligand binding causes rapid tyrosine phosphorylation of IRS-1 and -2 and intracytoplasmic assembly of a complex consisting of a variety of proteins that are responsible for stimulating diverse downstream signal transduction pathways. The two main signalling pathways involve the PI-3K and the p21 ras/mitogen-activated protein kinase (MAPK) pathways. Docking of the adaptor protein SHC and Grb-2 links it to the Ras-Raf MAPK pathway and is often associated with proliferation. Interaction with the p85 subunit of the PI-3K couples it to the S6 kinase cascade, which frequently results in anti-apoptotic signalling. However, pathways are cell-type dependent and a strict separation of pathways is not possible as they will interact with and may even be able to replace each other. Choice of signalling pathway is also stimulus dependent: IGF-I can protect colon cancer cells from tumour necrosis factor-a (TNF-a)-induced apoptosis by potentiating the MAPK and nerve factor-kB signalling pathways induced by TNF-a itself, even in the absence of cell adhesion-mediated signalling (20) . One important element in the crosstalk between the two pathways may be Ras, which appears to have a dual function, since it is also an upstream effector of PI-3K. Furthermore, novel signalling pathways are constantly being identified, e.g. an IGF-IR-mediated survival signalling pathway that is independent of PI-3K and protein kinase B (PKB)/Akt activity (21) and there is some suggestion that tumour cells can employ different pathways from those described in non-transformed cells (22) .
Signalling specificity
The specific signalling pathways engaged by ligandbound IGF-IR depend on the number of activated IGFIRs, availability of intracellular signal transducers, the action of negative regulators, and are influenced by extracellular modulators such as the IGFBPs. Although IGF-IR is expressed by all tissues, most reports indicate that IGF-IR levels are upregulated in cancers compared with adjacent non-malignant tissue.
The mechanisms by which IGF-I elicits its effects and how IGF-IR and IR initiate intracellular signalling differs involve the actions of several proteins interacting preferentially with either receptor (23) . Furthermore, hybrid receptors that contain one each of the IR and IGF-IR-a and -b subunits have been identified. Both hormone binding and signalling properties of the hybrid receptor appear to be different from those of either IR or IGF-IR and they may play a major role in mediating the IGF-I signal in breast cancer (24) . The IR-related receptor (IRR) is another receptor with extensive sequence similarity to that of the IGF-IR (25) and as it can associate with the IR it may well also do so with the IGF-IR. On its own, IRR does not bind IGF-I (26), but since IGF-I can bind efficiently to either IGF-IR-a subunit, a hybrid IGF-IR/IRR molecule could be expected to bind IGF-I and display altered signalling specificity.
Clearly, hybrid receptors expand the possible repertoire of cellular responses to hormonal stimulation, and pathology in one receptor could affect both the hybrid and the other receptor, or perhaps be partially compensated for by a hybrid receptor. It is likely that such hybrids also exist in other tissues and could again indicate possible co-operation with IGF-IR in mitogenic signal transduction, facilitating the development and maintenance of the malignant phenotype.
The question of how cells distinguish between IGF-I and IGF-II binding to the IGF-IR also remains unanswered. It is likely that the interaction of IGF-I and IGF-II with their binding proteins direct their overall biological activities. Clearly, in vivo IGF-IR may be activated by different ligands and this activation occurs contemporaneously with signalling from multiple receptors. This results in the activation of similar signalling networks involving multiple interacting components, many of which are, in addition, promiscuous intermediates for multiple hormone, growth factor and cytokine receptors. It remains to be understood how such signalling is integrated and is able to confer specificity. The ultimate impact on cell function depends on the patterns of interaction within these networks, their kinetics and sub-cellular compartmentalisation.
Targets of the GH/IGF-I axis

Wnt
The Wnt signalling pathway regulates cell proliferation in adult tissues and its proper regulation is critical for a highly proliferative tissue such as the colonic epithelium. Deregulation of this pathway, either through the inactivation of the adenomatous polyposis coli tumour suppressor gene or an activation mutation of b-catenin, is the first, virtually obligatory step, on the pathway leading to colorectal neoplasia. IGF-I signalling results in the inactivation of glycogen synthase kinase-3b, a key negative regulator of the pathway, which mediates the downregulation of cytoplasmic bcatenin via the ubiquitin -proteasome pathway. It also leads to the rapid phosphorylation of b-catenin, its dissociation from E-cadherin, nuclear accumulation and significantly increased transcription from T-cell factor (Tcf)-4 responsive promoters (27) . IGF-I-dependent stimulation of the b-catenin pathway also involves activation of the Ras signalling pathway (28) . Hence, IGF-I regulates the two events that are required for modulation of the b-catenin/Tcf-mediated transcription: the loss of E-cadherin function and the activation of the Wnt-signalling cascade. This suggests that IGF-I acts early in the colonic adenoma-carcinoma progression sequence. However, a late function is not excluded as another function of IGF-I is the promotion of colonic cell migration through reorganisation of integrin receptors and through modulation of E-cadherin/catenin complex function (25) .
Angiogenesis
Tumour growth above a certain size depends on the recruitment of a new vasculature and tumours express a number of autocrine and paracrine factors that activate or otherwise facilitate this process. Vascular endothelial growth factor (VEGF) is the main proangiogenesis factor responsible for neo-vascularisation of many tumours, and signalling through the IGF-IR can increase its expression at the level of transcription, mRNA stability as well as at the protein level (29) . A recent report has shown that it effects this through the MAPK pathway activating hypoxia-inducible factor-1 (30) . The biological relevance of this is revealed by the finding that the increase in VEGF levels is accompanied by an increase in microvessel density (11) . Administration of IGF-I to animals is also associated with an increased metastatic potential of tumours that is also accompanied by increased VEGF expression (31) .
Apoptosis
Tumour cells are believed to contain a block in differentiation that renders them more susceptible than normal cells to the induction of apoptosis. Therefore, mutations that inhibit apoptosis and promote survival through pathways such as IGF-IR are actively selected in tumour cells. Expression of the anti-apoptotic Bcl-xL protein is upregulated by IGF-I (32). In addition, IGF-I-activated Akt phosphorylates pro-caspase-9, preventing its proteolytic cleavage to active caspase-9. It also binds to caspase-9 itself, rendering it unable to cleave caspase-3 and thus preventing progression of the caspase cascade to apoptosis.
IGF-I and oestrogen signalling cross-talk
Considerable evidence suggests that the GH/IGF-I axis and ER signalling act through a complex cross-talk mechanism to stimulate the proliferation of normal mammary epithelium to increase the risk of breast cancer (33) . The oestrogen antagonist tamoxifen blocks IGF-I-mediated proliferation of breast cancer cells in vitro (34) and suppresses serum IGF-I levels in vivo (35) . This latter effect is due to several actions. Suppression of pituitary GH secretion occurs first, in part, by enhancing somatostatin actions (36) , and second by a direct inhibitory influence on IGF-I expression (37) . Tamoxifen also inhibits IGF-I gene expression in common secondary sites for breast cancer metastasis (37, 38) and inhibits IGF-IR signal transduction by enhancing tyrosine phosphatase activity. Oestradiol markedly increases GH-mediated expression of IGF-I mRNA in normal mammary tissue, as well as upregulating expression and activation of the IGF-IR in ER-positive breast cancer cells (39) . This latter effect enhances activation of downstream signalling components including IRS-1, phosphorylation of which is enhanced by oestrogen. Oestrogen also acts at several other points in the IGF-I signal transduction pathways. It activates several components of the MAPK pathway (40) , as well as acting synergistically with IGF-I to increase Akt protein expression and activity (41) . At the same time, there is also a reciprocal relationship as IGF-I can directly affect oestrogen metabolism and regulate ER and ERmediated expression in an oestrogen-independent manner (42, 43) .
Both oestradiol and IGF-I enhance expression of some of the same genes in breast cancer cells including c-fos, myc, early growth response-1, and several genes involved in cell cycle progression (44) . Jun and Fos members of the activator protein (AP)-1 transcription complex are regulated by MAPKs and activation of AP-1 has been shown to mediate the growth factorinduced proliferation of breast cancer cells (45) . The ER is able to co-activate genes with AP-1, independent of its DNA-binding activity, as well as enhancing IGF-Imediated AP-1 activity (46) . This close interaction is reflected at a functional level, with a pronounced synergistic effect of oestrogen and IGF-I on proliferation of breast cancer cell lines, an effect blocked by antibodies against IGF-I (47). Activation of both the MAPK and PI-3K pathways in breast cells by IGF-I has been demonstrated, responses that are blocked by anti-oestrogens (48) .
Maintenance of ER expression and its retention of DNA binding are often observed in acquired tamoxifen-resistant tumours (49) and it has been suggested that this may be due to IGF-I-mediated signal transduction pathways and its cross-talk with those of the ER. Indeed, tamoxifen may stimulate cell proliferation by sensitising cells to the proliferative effects of IGF-I. In vitro resistance is accompanied by increased IGF-I binding to breast cells (50) and IGF-IR overexpression reduces oestrogen growth requirements (34) . In addition, increased DNA binding by AP-1 occurs in ER-positive MCF-7 cells resistant to tamoxifen as well as in breast tumours from patients resistant to tamoxifen (51 (53) . These effects are via the MAPK pathway and are not observed with either transforming growth factor-b or EGF.
Clinical benefits
This review has discussed the considerable evidence in support of an important role for the GH/IGF-I axis in the development and growth of many cancers. Further knowledge of the mechanisms regulating this influence and the downstream signalling pathways by which these components exert their effects may have important clinical applications. For instance, confirmation of the link between the prospective development of cancer and circulating IGF-I levels may allow the identification of individuals at increased risk to be identified. Next, more vigilant screening procedures could be put in place and manoeuvres taken to reduce IGF-I levels.
Confirmation of this link also raises long-term safety issues regarding the use of recombinant human GH, not only in patients with pituitary GH deficiency but also to adults (especially elderly) with normal GH secretion, as a supposed tonic and 'elixir of youth'. Therapeutic implications lie not only in possible chemoprevention but also in chemotherapy. To date, the most potent therapy for reducing serum IGF-I levels is Pegvisomant, the GHR antagonist (Pfizer, Sandwich, Kent, UK) (54) . The potential role of this compound in the treatment of IGF-I-influenced cancers is intriguing. In animal models of metastatic colon cancer, Pegvisomant, in combination with conventional chemotherapy, virtually abolishes metastatic disease (55) . It has also been reported to exert inhibitory effects against breast cancer cell lines implanted into athymic mice (56) . Whether this can be translated to the treatment of human breast cancer remains to be seen, as does its role in tamoxifen resistance. Further advances in this field are also likely to come from the development of tyrosine kinase inhibitors selective to the IGF-IR.
Conclusions
In vivo, signalling pathways initiated by IGF-IR activation are extremely complex: several ligands bind to the IGF-IR, which itself can heterodimerise with at least two other receptors but, perhaps most importantly, activation occurs contemporaneously with signalling from numerous other hormone and cytokine receptors. Therefore, signals are transduced along networks that involve multiple interacting components, many of which are shared and are intermediates for numerous hormone, growth factor and cytokine receptors. The pattern of the interactions within these networks, their kinetics and their subcellular compartmentalisation result in alterations to cellular behaviour that increase the risk of deregulated cell growth and, ultimately, permit the growth of neoplastic cells that are more likely to develop into carcinomas in the presence of high IGF-I levels. The contribution of the GH/IGF-I axis to the increased cancer risk and the contribution of this axis to the key regulatory signalling pathways remains a challenge for the future.
